Human embryo implantation is mainly regulated by the endocrine system. Since the ovary, fallopian tube, and fundus can directly communicate through the mesosalpinx and ovarian ligament, the local concentration of progesterone in the pathway of the developing embryo is considered to be higher than in systemic blood circulation. The immune system promotes embryo implantation by stimulating progesterone production of the ovary and by inducing endometrial differentiation. The recognition of the developing embryo in the fallopian tube by the immune system is achieved through the para-aortic lymph nodes. On the basis of the above evidence, the autologous immune cells activated in vitro were demonstrated to improve clinical pregnancy rates in patients with repeated implantation failures. In addition, the autonomic nerve system that innervates the fundus, the ovary, and the fallopian tube from the para-aortic region is proposed to regulate the environment of the pathway of the developing embryo. From these findings, we suppose that a unique unilateral functional unit to promote human embryo implantation exists in the pathway of the developing embryo including the para-aortic regions and propose naming this novel functional unit the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting unit (FOSPa-IP unit).
Introduction
In humans, the corpus luteum, which is formed from the ovulated follicle, produces progesterone that induces adequate endometrial differentiation for embryo implantation. During pregnancy, the embryo trophoblast cells secrete human chorionic gonadotropin (HCG) that stimulates the maternal corpus luteum to sustain progesterone production. In turn, it acts on the endometrium to maintain embryo implantation in the uterus. Thus, human embryo implantation is mainly regulated by the endocrine system.
In addition to this endocrine system, we have demonstrated that the immune system is involved in the process of promoting embryo implantation by stimulating progesterone production of the ovary and by inducing endometrial differentiation [1] . It is also suggested that recognition of the developing embryo in the fallopian tube by the immune system is achieved through the para-aortic lymph nodes from a very early stage of pregnancy. The intrauterine administration of autologous immune cells that was activated by HCG in vitro was demonstrated to improve embryo implantation rates in patients with repeated failure of in vitro fertilization and embryo transfer treatment [2] .
These lines of evidence led us to conceive a novel concept that there is a unique unilateral functional unit to promote human embryo implantation among the fundus, the ovary, the fallopian tube, and the para-aortic regions. In this chapter, we propose naming this novel functional unit as the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting unit (FOSPa-IP unit) and describe its estimated characteristics.
The implantation pathway of the developing embryo
In humans, the ovulated oocyte is picked up by the fimbria of the fallopian tube and then the fertilized oocyte is transferred to the uterine cavity through the fallopian tube, causing embryogenesis to proceed toward the blastocyst stage ( Figure 1 ). Recently, it has been widely accepted that a synchronized dialog between the developing embryo and the temporally and coordinately differentiated maternal endometriumis is necessary for successful embryo implantation [3] . Accordingly, the adequate preparation of endometrial receptivity as well as the quality of the embryo affects the success of the outcome of in vitro fertilization-embryo transfer (IVF-ET) therapy.
To support the significance of this period, the phenomenon of delayed implantation is well known in rodents and it has also been reported in humans [4] . Furthermore, in cows, this process continues for at least a few days and bovine early embryos become elongated during the pre-implantation period. Consequently, it can be speculated that embryonal signals locally induce further endometrial differentiation and/or an environment suitable for subsequent embryo implantation. We previously proposed that the Eph-ephrin system, which can induce a repulsive force between the epithelial cell layers, contributes to maintaining these crosstalk phases [5] . Several other systems may be involved in the molecular mechanisms of regulation of embryo-maternal crosstalk [4] .
In contrast to the majority of mammals with uterus bicornate bicollis, in humans, women have a single fused uterus derived from bilateral paramesonephric (Müllerian) ducts. From this perspective, the uterine fundus is a structure specific to primates among mammals. Shiotani et al. showed that the human uterus possesses a latent fluid-retaining space along the transversely communicating line (TCL) between the bilateral utero-tubal angles on the fundus [6] . To build on and confirm their findings, when we injected a small amount of contrast dye (70 µl) into the upper portion of the cavity, the dye spontaneously migrated toward the ceiling of the cavity, spread bilaterally to the utero-tubal angles, and formed along cylindrical space (TCL space) that was gently expanded by the dye (Figure 2A ).This space communicated directly with the bilateral fallopian tubes ( Figure 2B ). When we observed the uterine cavity from a sagittal perspective using a surgically resected uterus, the TCL space was macroscopically manifested by innate tissue pressure of the muscle layer ( Figures 3A and B) . In contrast, macroscopic TCL space was not formed in the uterus with diffusion and firm enlargement by adenomyosis lesions ( Figure 3C ).
From these findings, we speculate that the main site of crosstalk between the human embryo and maternal tissues before implantation is the upper site of the uterine cavity in the fundus, that is, the TCL space. In support of this theory, Minami et al. reported that gestational sacs of patients in the early stage of spontaneous normal pregnancy were mainly observed on the right or left side of the upper third of the uterine cavity. They also reported that patients with gestational sacs in the upper region had a significantly lower miscarriage rate than those in Figure 1 . The implantation pathway of the developing embryo In humans, the ovulated oocyte is picked up by the fimbria of the fallopian tube and then the fertilized oocyte is transferred to the uterine cavity through the fallopian tube, causing embryogenesis to proceed toward the blastocyst stage. the middle and lower regions, proposing that the endometrium at the uterine fundus, especially near the utero-tubal junction, is suitable for human blastocyst implantation under physiological conditions [7] . Macroscopic observation of TCL space A: When the uterine cavity was observed from a sagittal perspective using a surgically resected uterus due to carcinoma in situ lesion in the cervix, the TCL space was macroscopically manifested by innate tissue pressure of the muscle layer. B: A magnified figure of the square area of A. C: A uterine specimen that was resected due to adenomyosis. Macroscopic TCL space was not formed in the uterus with diffusion and firm enlargement by adenomyosis lesions.
The endocrine network around the implantation pathway

Local concentration of progesterone in the implantation pathway
Corpus luteum in the ovary is the main endocrine organ that produces progesterone. It has been widely accepted that progesterone prepares the uterus for embryo implantation, induces endometrial differentiation and decreases the contractility of uterine smooth muscle cells. Human endometrial decidualization is also induced by progesterone. The ovary is anatomically connected with the ipsilateral fallopian tube and the corneal region of the uterus. The vascular network is present among the fallopian tube as well as the ovary through the mesosalpinx and ovarian ligament. Therefore, it is speculated that the local concentration of progesterone is very high in the ipsilateral fallopian tube adjacent to the ovary that has an ovulated follicle.
Clinically, vaginal administration of progesterone is usually performed for luteal support for infertile patients receiving in vitro fertilization therapy. After vaginal administration, the uterine tissue concentration of progesterone has been found to exceed more than 10-fold the levels achieved by systemic administration. To explain this phenomenon, the "first uterine pass effect," that is, direct preferential vagina-to-uterus transport, was proposed [8] . By drug delivery analysis using tritiated progesterone, Bulletti et al. obtained experimental data to support this hypothesis [9] . Consequently, similar to the direct preferential vagina-to-uterus transport system, estrogen and progesterone produced by the corpus luteum in the ovary can be delivered to the corneal region of the uterus by a direct ovaryto-uterus transport system. Using slice computed tomography (CT) scanning and vascular casting, it was demonstrated that both the intramuscular uterine artery and the ovarian artery had a typical ovarian branch connected as an arterial arch, that is, the ovarian artery-to-uterine artery anastomoses [10] . Importantly, these ovarian artery-to-uterine artery anastomoses are located in the mesosalpinx region. In mammals, the anatomical structure among the uteroovarian vein and the ovarian artery is considered to be important to regulate the countercurrent system of exchange from the uterus to the ovary and back again. In humans, the utero-ovarian vein forms a plexus around the ovarian artery. Therefore, it has been suggested that counter-current transfer facilitates local communication between the ovary, the fallopian tube, and the uterus [11] . Later, it was also reported that serum levels of estradiol and progesterone in the uterine vessels were more than 2-4 times higher than those in the systemic circulation, demonstrating the preferential transport of sex steroids produced in the ovary to the uterus [12] . Interestingly, the same group also suggested that the main blood supply to the uterine corneal region from uterine and ovarian arteries is shifted following ovulation [13] . This suggests the possibility that progesterone regulates counter-current blood flows in the mesosalpinx. Consequently, the local concentration of progesterone along the implantation pathway of the human embryo is speculated to be considerably high during its developmental process ( Figure 4 ). 
Hormonal regulation of the contractility around the implantation pathway by ovarian steroid hormones
Strict regulation of contractility in the uterus and the fallopian tube is essential for various reproductive functions including expulsion of menstrual debris, sperm transport, and adequate embryo placement during implantation [14] . More than half a century ago, the precise profiles of contractile activity of the non-pregnant uterus throughout the menstrual cycle were reported using an intrauterine pressure recording system [15, 16] . Recently, it has become possible for uterine contractility to be directly and non-invasively assessed using ultrasound scans and ultrafast magnetic resonance imaging techniques [17] . Accordingly, the inherent contractility of the uterus is classified into two patterns: a focal and sporadic bulging of the myometrium and a rhythmic and subtle stripping movement in the subendometrial myometrium, known as uterine peristalsis. Using these direct and non-invasive techniques, the precise profiles of several wavelike activity patterns throughout the menstrual cycle have been thoroughly analyzed, and it has been widely accepted that ovarian steroid hormones regulate contractions of the non-pregnant uterus. Clinically, uterine contractility has been demonstrated to influence the human embryo implantation process in both spontaneous cycles and assisted reproduction [18, 19] .
Waves from fundus to cervix are dominant in the follicular phase, but diminish after ovulation. In contrast, waves from cervix to fundus were observed in the late follicular and luteal phases [20, 21] , supporting implantation of the embryo at the upper region of the uterine cavity [22] . During the luteal phase, the movement of the upper fundal region is relatively quiescent facilitating embryo implantation [23] . By the sequential administration of estradiol (days 1-28) and progesterone (days 14-28), waves from fundus to cervix were induced by estradiol, but were immediately diminished after the administration of progesterone, whereas waves from cervix to fundus were observed in both the estradiol-only and the estradiol and progesterone combined phases [18] . It was also reported that there is horizontal movement at the fundus, often to and fro, not unidirectional [24] . Importantly, this horizontal movement can theoretically induce the migration of pre-implanted embryo back to the fallopian tubes along the TCL through the fluid by endometrial secretion ( Figure 5 ). Ovarian steroid hormones regulate contractions of the uterus. Waves from cervix to fundus were observed in the late follicular and luteal phases. There is also horizontal movement at the fundus, often to and fro, not unidirectional, which can theoretically induce the migration of pre-implantation embryo back to the fallopian tubes along the TCL.
Recently, it has been reported that a new population of c-kit-positive cells, interstitial Cajallike cells, now called telocytes, had been found on the borders of smooth muscle bundles in human myometrium. These cells resemble interstitial cells of Cajal in the gut, which generate electrical slow waves to control peristalsis [14] . Telocytes in the myometrium are doublepositive for c-kit and CD34, and have very long cellular extensions called telopodes that release extracellular vesicles, sending macromolecular signals to neighboring cells. It was proposed that they modulate spontaneous contractions of the non-pregnant human uterus, through a tyrosine-kinase-independent signaling pathway [25, 26] . Although the precise effects of ovarian steroid hormones on telocyte functions remain unclear, immunoreactive estrogen and progesterone receptors localized at the nucleus level of uterine telocytes suggested their involvement in the hormonal regulation of uterine contractility [27] .
Hormonal regulation of immune environment around the implantation pathway by ovarian steroid hormones
During the implantation process, the semi-allogeneic embryo is not rejected by the maternal immune system. The mechanisms regarding how the fetus is tolerated by the maternal immune system are still not well understood. It is generally accepted that ovarian sex steroids regulate the function and population of endometrial and/or decidual immune cells in the uterus [28] and these immune-endocrine interactions contribute to fetal survival within the maternal uterus, suppressing adverse maternal immune responses and promoting immunotolerance pathways [29] .
Progesterone regulates immune function by producing mediators such as the progesteroneinduced blocking factor that induces Th2-dominant cytokine production [30] and glycodelin A that protects the embryo from maternal immune attack by inhibiting the proliferation of T cells and B cells and the activity of natural killer cells, or by deleting the monocytes [31] . The physiological effects of progesterone are mediated by its specific nuclear progesterone receptor (PR) that activates transcription factors. Nuclear PR has two main isoforms: PR-A and PR-B. PR-B acts as an activator of progesterone-responsive genes, while PR-A can inhibit the activity of PR-B. Using nuclear PR knockout mice, it has been shown that progesterone antagonizes estrogen-induced recruitment of macrophages and neutrophils into the uterus [32] . Recently, it has been demonstrated that progesterone at a relatively high concentration also acts on cells by a non-genomic mechanism through progesterone binding membrane proteins such as progesterone membrane components 1 and 2, and the membrane progestin receptors [33, 34] . Considering a local high concentration of progesterone, these non-genomic mechanisms may operate in the implantation pathway. CD56(high+)CD16(-) uterine natural killer cells are the predominant population in the decidual tissues during the late secretory phase of the menstrual cycle and early pregnancy. They may be derived from natural killer cell progenitors and/or peripheral natural killer cells and are considered to contribute to the remodeling of maternal uterine vasculature in interaction with extravillous trophoblasts [29, 35] . Although the level of the expression of PR on uterine natural killer cells is very low [36] , the progesterone-induced endometrial environment is an important factor for the in situ proliferation or differentiation of uterine natural killer cells in human endometrium, inducing reprogramming of their chemokine receptor profiles [37, 38] . Progesterone is also reported to reduce the antigen-presenting capacity of dendritic cells, monocytes, and macrophages and induce the recruitment of regulatory T (Treg) cells, contributing to local accumulation of pregnancy-protective cells [29] . These lines of evidence suggest the relationship between the endocrine and immune systems for establishing the embryo implantation environment.
The autonomic nerve network around the implantation pathway
In pigs, it was demonstrated that the oviduct is innervated by various efferent autonomic neurons such as the inferior mesenteric ganglion, ovarian ganglion, and celiac-superior mesenteric ganglion complex, forming discrete "oviductal centers" and implying that these nerve fibers regulate oviductal blood flow, non-vascular smooth muscle contraction, transmission of sensory information, and epithelial secretion [39, 40] . In monkeys, noradrenaline of the sympathetic nerves innervating the smooth musculature of the oviduct was demonstrated to change cyclically during the menstrual cycle, suggesting that the system of adrenergic nerves in the primate oviduct is under the control of endogenous estrogen and progesterone [41] . It was also reported that estrogen and progesterone affect not only the noradrenaline content of adrenergic nerves in the uterus and oviduct but also the turnover of noradrenaline, the activity of the enzymes that synthesize it, and the release of noradrenaline from nerve terminals [42] . By electron microscopic examination, non-vascular adrenergic nerves were found in smooth muscle bundles of human fallopian tube and electrical field stimulation of adrenergic nerves in the isthmic smooth muscle induced an alpha-receptormediated contractile response [43] . In rats, the sympathetic nerve fibers of the upper part of the uterus arise from the ovarian plexus nerve that mainly originates from neurons of the suprarenal ganglia and of the T10 to L3 ganglia of the paravertebral sympathetic chain, whereas most of the sympathetic innervation of the lower uterus arises from neurons of the paravertebral ganglia T13 to S2, principally at the L2-L4 levels, suggesting that regulation of myometrial activity by the sympathetic nerve system is functionally different between the oviduct and the cervical ends of the uterus [44] . Accordingly, the influence of the sympathetic nerve response on the female genital tract should be considered clinically. In fact, it was demonstrated that mock embryo transfer stimulation (injection of 20 µl of ultrasound contrast agent alone) evoked uterine peristalsis that could cause embryo migration and extrude the transferred embryo with fluid [45] . The density of nerve fibers in the oviduct isthmus in women with hydrosalpinx was revealed to be low compared with that in women without hydrosalpinx, suggesting the involvement of autonomous nerve system in the mechanism of hydrosalpinx-associated infertility [46] . A recent study showed that transcutaneous electrical acupoint stimulation significantly improved the clinical outcome of embryo transfer [47] .
The immune network around the implantation pathway
Circulating immune cell contribution to embryo implantation
Mammals are a unique group of species in terms of accepting embryos within the maternal uterus (embryonal parasitic strategy). In this respect, maternal recognition of the developing embryo in the genital tract is a very important process to prepare a favorable maternal environment for subsequent embryo implantation. In humans, HCG secreted by the implanting embryo stimulates the corpus luteum of pregnancy to produce progesterone, maintaining embryo implantation in the uterus. Previously, we found that the immune system also contributes to this process and proposed that "corpus luteum function is maintained not only by HCG (endocrine system), but also by lymphocytes (immune system)" [48] . In mouse, implantation experiments, intravenous or intrauterine administration of splenocytes derived from early pregnant mice induced endometrial differentiation and successful implantation in pseudopregnant recipient mice [49, 50] . On the basis of these results, we proposed a new concept that "The immune system recognizes some information on the presence of the developing embryo around the implantation period and, thereafter, circulating immune cells transmit this information to the ovary and the uterus through blood circulation to induce adequate differentiation of pregnancy CL and endometrium to facilitate embryo implantation." Furthermore, we found that peripheral blood mononuclear cells (PBMC) promoted endometrial receptivity in vitro, while HCG affected PBMC function not through authentic HCG receptor, but sugar chain receptors, which is a primitive mechanism in the immune system [51, 52] . These experimental facts led us to pay attention to sugar chain moieties as candidate key structures of embryonal signals to the maternal immune system. These findings also suggest the important roles of circulating immune cells in embryo implantation from a very early stage [53] .
Direct and functional communication between para-aortic lymph nodes and the implantation pathway of the developing embryo
What is the main immune organ for the first recognition of the developing embryo in the implantation pathway? From insight obtained from gynecologic oncology, para-aortic lymph nodes are classified as regional lymph nodes in patients with uterine corpus cancer. When we used a fluorescent indocyanine green to confirm the sentinel lymph nodes from the fundus lesion, rapid drainage into para-aortic lymph nodes, especially around the proximal site of the branch of the inferior mesenteric artery, from the uterine fundus through the suspensory ligament of the ovary and the meso-oviductal space, was initially detected using a PDA camera system ( Figure 6 ). Theoretically, this supports the presence of direct communication between para-aortic lymph nodes and the implantation pathway of the developing embryo through the immune system.
Recently, Treg cells have been shown to facilitate maternal immune tolerance of the semiallogeneic conceptus and proposed to play a crucial role in embryo implantation and fetal development. During the pre-implantation period, factors in the seminal fluid delivered at coitus cause expansion of a CD4(+)CD25(+) putative Treg cell population in the para-aortic lymph nodes [54] . They were also reported to be rapidly recruited to para-aortic lymph nodes and activated in the first days after embryo implantation [55] . In mouse, implantation experiments, splenocytes derived from early pregnant mice (post-ovulation day 4) when the embryo had not yet attached to the endometrium could induce endometrial differentiation and successful implantation in the early stage of pseudopregnant recipient mice that had been New Discoveries in Embryology Figure 6 . Direct communication between para-aortic lymph nodes and the embryo through the immune system. When fluorescent indocyanine green was injected into the uterine fundus that was affected by endometrial cancer cells in order to confirm the sentinel lymph nodes from the fundus lesion, rapid drainage into para-aortic lymph nodes, especially around the proximal site of the branch of the inferior mesenteric artery was detected by the PDA camera system. A: The retroperitoneal para-aortic region was opened. B: A magnified figure of the square area of A. Indocyanine greenpositive para-aortic lymph nodes and an afferent lymph vessel (arrowhead) were clearly detected. C: A figure from after lymph node dissection. D: Para-aortic lymph nodes communicated by vessels and nerves (arrows). Pa-LN, paraaortic lymph nodes; Ao, aorta; IVC, inferior vena cava; IMA, inferior mesenteric artery; l-RV, left renal vein. mated with vasectomized male mice, indicating that functional change of peripheral immune cells has already occurred before embryo implantation [49, 50] . Importantly, since the immune system of pseudopregnant recipient mice mated with vasectomized male mice was already sensitized with seminal plasma component of seminal fluid, the changes in splenocyte function were induced by the presence of developing embryos [56] . In addition, it was reported that functional changes in the endometrium could be induced in pregnant mice even when the uterotubal transition sites were ligated and entry of the developing embryos into the uterine cavity was inhibited [57] , indicating that the developing embryo in the fallopian tube can influence maternal endometrial differentiation. Collectively, it is speculated that mothers can recognize the developing embryo during this early phase through the para-aortic lymph nodes.
The human para-aortic lymph nodes are rich in not only vascular but also automatic nerve networks ( Figure 6D ). Importantly, all primary and secondary immune organs receive substantial sympathetic innervation from sympathetic post-ganglionic neurons. This sympathetic nervous system either enhances or inhibits the activity of both acquired and adaptive immune systems [58] . Adrenergic nerve fibers were found following both afferent and efferent blood vessels as well as T areas, supporting a regulatory role of the sympathetic nervous system in human lymph nodes [59] . Intriguingly, amputation of autonomic nerves innervating the uterus was reported to cause on-time implantation failure in rats, increasing the population of uterine mast cells and facilitating the release of histamine by mast cells [60] . These findings support the concept that the neuro-immune network plays an important role in embryo implantation.
Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting Unit (FOSPa-IP unit)
On the basis of the above evidence, we suppose that there is a unique unilateral functional unit to promote human embryo implantation among the fundus, the ovary, the fallopian tube, and the para-aortic regions (Figure 7) . From an anatomical viewpoint, we here propose naming this novel functional unit as the Fundus-Ovary-Salpinx-Para-aorta Implantation Promoting Unit, that is, the FOSPa-IP unit. This functional unit seems to be co-operatively regulated by the endocrine, immune, and nerve systems.
Recently, increasing attention has been paid to patients with repeated implantation failures under IVF-ET treatment. It should be noted that the process of maternal recognition by the immune system in the FOSPa-IP unit is largely skipped in the treatment of IVF-ET. Considering the intrinsic function of the FOSPa-IP unit, we developed a novel therapy for patients with repeated implantation failures to complement the functions of the unit. Concretely speaking, PBMC are isolated from patients and incubated for two days with HCG in order to activate them. Thereafter, activated PBMC are administered into the uterine cavity to induce adequate endometrial differentiation. Three days later, blastocysts are transferred into the uterine cavity.
We applied this treatment to patients with 4 or more repeated failures in IVF therapy and it effectively improved the clinical pregnancy and implantation rates [2, 61] .
Conclusion
In humans, the TCL space at the top of the uterine cavity in the fundus may be the main site of crosstalk between embryo and mother before implantation. Including this space, we propose the presence of a unique unilateral functional unit, named the FOSPa-IP unit, among the fundus, the ovary, the fallopian tube, and the para-aortic regions, which promotes human embryo implantation. The local concentration of progesterone along the implantation pathway of the human embryo is considered high, regulating uterine contractility and influencing human embryo implantation. On the other hand, the immuneendocrine interactions along the implantation pathway of the embryo generate an environment that promotes embryo implantation, contributing to fetal survival within the maternal uterus, suppressing adverse maternal immune responses and promoting immunotolerance pathways. In addition, circulating immune cells were shown to contribute to embryo implantation in a very early stage, probably after being activated in para-aortic lymph nodes. Furthermore, the influence of the sympathetic nerve response on the female genital Figure 7 . Proposal ofthe FOSPa-IP unit. We propose a unique unilateral functional unit that promotes human embryo implantation among the fundus, the ovary, the fallopian tube, and the para-aortic regions. This functional unit seems to be co-operatively regulated by the endocrine, immune, and nerve systems and can be named the Fundus-OvarySalpinx-Paraaorta Implantation Promoting Unit, that is, FOSPa-IP unit.
tract has been clinically noticed, based on the concept that the neuro-immune network plays an important role in embryo implantation. Considering the intrinsic function of the FOSPa-IP unit, we developed a novel therapy for patients with repeated implantation failures to complement functions of this unit. Further understanding of reproductive organs from the viewpoint of the FOSPa-IP unit is expected to contribute to the development of new therapies, especially in the field of reproductive medicine.
